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 2 
Abstract 24 
A novel approach for harvesting Scenedesmus sp. microalgae from real wastewater by 25 
using  adsorbents of magnetite-based nanoparticles (Fe3O4 NPs) was tested in this study for 26 
the first time for this microalgae. Using these NPs, the harvesting efficiency was even 27 
higher than 95%. The optimal conditions (0.14 gNPs/L, a short magnetic separation time of 28 
only 8 min and 27 min of contact time) were found using the response surface 29 
methodology. The best fitting of the adsorption equilibrium results was achieved by the 30 
Langmuir isotherm model, and the maximum adsorption capacity for Scenedesmus sp. 31 
reached 3.49 g dry cell weight (DCW)/g Fe3O4 NPs. Zeta potential measurements and the 32 
Dubinin-Radushkevich isotherm model analysis pointed out that the main adsorption 33 
mechanism between Scenedesmus sp. cells and Fe3O4 NPs was electrostatic interaction. 34 
Finally, Fe3O4 NPs were six times successfully reused by combining an alkaline treatment 35 
with an ultrasonication process, which implies microalgae lysis. The results herein 36 
obtained highlight the potential for magnetic separation of microalgae from wastewater, 37 
which is capable of reaching a high harvesting efficiency in a very short time. 38 
 39 
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1. Introduction 47 
Microalgae are nowadays cultured to produce high value-added compounds like 48 
nutraceuticals and pharmaceuticals (Jha et al., 2017). During the last decade, much 49 
attention has been paid to the production of non-food bioproducts like biofuels or 50 
biopolymers (Milano et al., 2016; Özçimen et al., 2017). Regarding biofuels, the main 51 
advantages of microalgae over terrestrial crops are: i) their high photosynthetic efficiency, 52 
which leads to a high growth rate and biomass production; ii) no competition with food 53 
crops for arable land and; iii) the accumulation of certain compounds (e.g. lipids or 54 
carbohydrates) under stress conditions (Khan et al., 2018). On the other hand, the main 55 
disadvantages are: i) the requirement of high amounts of water and nutrients and; ii) 56 
microalgal biomass harvesting (Valigore et al., 2012). The first barrier can be overcome by 57 
using wastewater, which already has a high concentration of nutrients and thus, must be 58 
treated (Arbib et al., 2014). Indeed, this alternative provides a public service along with a 59 
valuable biomass feedstock. High Rate Algal Ponds (HRAP) are typically used for 60 
secondary wastewater treatment, while open or closed photobioreactors maybe used for the 61 
tertiary treatment. However, microalgae harvesting is still a challenge. 62 
When microalgae are harvested to produce high value-added compounds, the cost of 63 
biomass harvesting is not a barrier. Indeed, energy intensive processes as centrifugation, 64 
which achieves relatively high solids concentration (e.g. 10%) (Benemann, 2013; Singh et 65 
al., 2011) are generally used. However, in the context of biofuels or biopolymers, these 66 
processes are not affordable (Dassey et al., 2013). When wastewater is used to produce 67 
microalgae, the presence of bacteria in the culture enhances floc formation and eases 68 
biomass separation by gravity settling, which can reach a biomass recovery of 70-80% or 69 
even higher (90%) through biomass recycling (Gutiérrez et al., 2016). Gravity settling and 70 
dissolved air flotation could be further enhanced by coagulation-flocculation with 71 
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chemicals, with low energy requirements if compared to centrifugation. In this sense, 72 
natural products like starch and tannin–based flocculants have shown promising results 73 
(Gutiérrez et al., 2015a; Gutiérrez et al., 2015b). The main drawback is that the addition of 74 
chemicals has an economic cost and can affect downstream processing of harvested 75 
biomass. Besides, when pure microalgae cultures are used, gravity settling only achieves a 76 
biomass recovery of 50-60%. Although flocculation is the most commonly used 77 
microalgae harvesting method (Vandamme et al., 2013), subsequent sedimentation needs a 78 
long time and the harvesting efficiency is still low (Wang et al., 2014; Wang et al. 2016). 79 
In the recent years, an increasing attention has been paid to microalgae harvesting by means 80 
of magnetophoretic separation, due to the time-saving and a simplified synthesis of 81 
nanoparticles and their reusability (Hu et al., 2013; Prochazkova et al., 2013a). Specifically, 82 
magnetic nanoparticles (NPs) have been investigated due to their high specific surface area, 83 
and biocompatibility, but also to the fact that they can adhere to microalgae cells and then be 84 
easily separated from the medium by applying an external magnetic field (Schwertmann et 85 
al., 2007; Procházková et al., 2012). Moreover, both the stability of the NPs suspension and 86 
the harvesting efficiency can be enhanced by surface coating or modification of magnetic 87 
nanoparticles with diverse materials such as polymers and surfactants (Wang et al., 2016; Ge 88 
et al., 2015; Lin et al., 2015). To date, different types of magnetic NPs (Fe3O4 NPs), with and 89 
without surface coating, have been tested to harvest microalgae such as the oleaginous 90 
Chlorella sp. (Wang et al., 2016), Scenedesmus dimorphus (Ge et al., 2015a) and Chlorella 91 
vulgaris (Prochazkova et al., 2013a). However, to authors’ knowledge, this is the first study 92 
performed with these iron based nanomaterials for harvesting Scenedesmus sp. as microalgae 93 
model in a real wastewater. 94 
Firstly, the harvesting efficiency of different synthesized NPs and the effect of NPs coating 95 
was screened. Secondly, the best synthesized NPs were used to optimize the microalgae 96 
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separation process in terms of harvesting efficiency, NPs contact time and magnetic 97 
separation time. Finally, the maximum adsorption capacity and reusability of synthesized 98 
NPs was evaluated. 99 
 100 
2. Materials and Methods 101 
2.1 Nanoparticles synthesis 102 
2.1.1 Materials 103 
Iron (II) chloride (FeCl2), Iron (III) chloride hexahydrate (FeCl3.6H2O), polyethyleneimine 104 
(PEI), 3-Aminopropyl triethoxysilane (SiO-NH2) (APTES), and cetyltrimethyl ammonium 105 
bromide (CTAB), were purchased from Sigma-Aldrich (Barcelona, Spain). Sodium 106 
hydroxide pellets (NaOH) were purchased from Merck (Spain). All the chemicals were of 107 
analytical grade or higher. All nanoparticles reported were fabricated in our laboratory. 108 
 109 
2.1.2 Magnetite (Fe3O4) NPs synthesis 110 
Fe3O4 NPs were prepared using the co-precipitation method slightly modified as reported 111 
previously (Abo Markeb et al., 2016). Briefly, two different concentrations of FeCl2 and 112 
FeCl3·6H2O, prepared by keeping the Fe2+/Fe3+ molar ratio of 1:2 and coded as Fe3O4 NPs-113 
I (25 and 50 mM) and Fe3O4 NPs-II (100 and 200 mM), were dissolved in 100 mL of 114 
deoxygenated ultrapure water (Milli-Q). Then, the suspension of each mixture of iron salts 115 
was incubated for 1 hour at 40°C under nitrogen atmosphere. After that, 0.5 M NaOH 116 
solution was added dropwise into each of the mixed solutions of the iron salt solution 117 
under agitation until a pH of 9.0 was achieved. During the titration process, the formation 118 
of Fe3O4 NPs was confirmed when the mixture’s colour turned from light yellow to red-119 
brown and then eventually to black. Then, the suspension containing Fe3O4 NPs was stirred 120 
continuously for 1 hour at 40°C and under nitrogen atmosphere. Afterwards, the NPs were 121 
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separated using a neodymium permanent magnet (NdFeB) and washed three times using 122 
ultrapure water, followed by a final ethanol washing and then dried at 60°C for 12 hours.  123 
 124 
2.1.3 CTAB coated Fe3O4 NPs  125 
Cetyltrimethylammonium bromide (CTAB) coated Fe3O4 NPs-II were prepared with a 126 
slight modification of the reported method (Khoshnevisan et al. 2012). The obtained black 127 
Fe3O4 NPs (section 2.3.1) were sonicated for 20 min in 100 mL of ultrapure water (Milli-128 
Q), followed by the addition of CTAB dropwise to obtain a weight ratio of 1:1 between 129 
CTAB and Fe3O4 NPs-II. Then, the mixture was continuously stirred for 30 min at room 130 
temperature. Subsequently, Fe3O4@CTAB NPs were separated using aNdFeB permanent 131 
magnet and washed using ultrapure water, followed by ethanol washing and then dried at 132 
60°C for 12 hours.  133 
 134 
2.1.4 PEI-modified Fe3O4 NPs  135 
Coating of Fe3O4 NPs-II with polyethyleneimine (PEI) was performed with slight 136 
modifications of the reported method (Ge et al. 2015). Briefly, 1 g of Fe3O4 NPs was 137 
dispersed in 100 mL ultrapure water (Milli-Q) by sonication for 20 min. Then, 2.5 g of PEI 138 
were titrated into Fe3O4 NPs suspension. After that, the mixture was continuously stirred 139 
for 30 min at room temperature. Later, Fe3O4@PEI NPs were washed with water and 140 
ethanol respectively, separated using NdFeB permanent magnet and dried at 60°C for 12 141 
hours. 142 
 143 
2.1.5 Amine functionalized Fe3O4 NPs 144 
Production of the NPs containing amine groups by functionalization of Fe3O4 NPs-II with 145 
aminopropyltriethoxysilane (APTES) was carried out by a modification of the reported 146 
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method (Hasanzadeh et al., 2017; Yazid et al., 2017). Briefly, 1 g of Fe3O4 NPs was 147 
dispersed in 100 mL ultra-pure (Milli-Q) water for 20 min. Then, 1 mL of APTES was 148 
added dropwise to the suspension of NPs and the mixture was continuously stirred for 12 149 
hours at room temperature. Later, magnetic NPs were washed three times using ultrapure 150 
water, magnetically separated and finally dried overnight at 60°C. 151 
 152 
2.2 Microalgae production 153 
Microalgae were produced in a pilot plant that treats real wastewater from the municipal 154 
sewer system in Barcelona (Spain). In this plant, wastewater undergoes a screening 155 
pretreatment, primary treatment in gravity settlers (7 L) and secondary treatment in high 156 
rate algal ponds (HRAPs) (0.5 m3, 1.5 m2) followed by clarifiers (9 L) that separate 157 
microalgal biomass from the treated effluent. This wastewater treatment system is located 158 
outdoors, as previously reported (Gutiérrez et al. 2016). Harvested microalgal biomass is 159 
thickened and digested in 3 lab-scale anaerobic reactors (1.5 L) with a hydraulic retention 160 
time (HRT) of 20 days under mesophilic conditions, as described previously (Passos et al. 161 
2015).The digestate is then diluted in secondary effluent from the clarifier (1:50 v:v) and 162 
treated in an airlift-photobioreactor (30 L) located indoors. At the time the experiments 163 
were conducted, the HRT was 10 days and light-dark cycles of 12h. Light was supplied by 164 
an external lamp (600 W, Sunmaster, USA) placed at 80 cm from the photobioreactor, 165 
providing 19,000 lux (289 μmol/m2s) (Arias et al., 2018). Average biomass concentration 166 
was 0.63 g TSS/L and 0.36 g VSS/L, the turbidity 327 NTU and pH 7.38. It consisted of a 167 
mixed culture clearly dominated by Scenedesmus sp. (99.8%), that are, finally, 168 
anaerobically digested (Arias et al., 2018). 169 
 170 
2.3 Characterization of nanoparticles and microalgae 171 
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2.3.1 Inductively coupled plasma optical emission spectrometry, ICP-OES 172 
The metal content of NPs was analyzed by using ICP-OES (Perkin Elmer model Optima 173 
4300DV). Pre-treatment of the samples consisted of an acid digestion, dilution, and 174 
filtration using 0.45 μm Nylon filters. The concentration of the metal was reported in terms 175 
of mgFe/gNPs (where gNPs refers to the total mass of the NPs). Analyses were externally 176 
performed at the Servei d’Anàlisi Química, Universitat Autònoma de Barcelona (UAB), 177 
Spain. 178 
 179 
2.3.2 Scanning Electron Microscopy and Transmission Electron Microscopy 180 
a) Nanoparticles characterization: the morphology and size of the NPs were characterized, 181 
on one hand, using a Zeiss Merlin Scanning Electron Microscopy (SEM) and, on the other 182 
hand, using a JEM-2011/JEOL, High-Resolution Transmission Electron Microscopy (HR-183 
TEM) equipped with Energy-Dispersive Spectroscopy (EDS). Measurements were 184 
acquired with an Oxford INCA X-MAX detector at the Servei de Microscopia at UAB, 185 
Spain. 3 different TEM images were studied with ImageJ software to evaluate NPs average 186 
sizes. 187 
b) Microalgae-NPs interaction: microalgae harvesting using the magnetite-based NPs was 188 
characterized both using a Zeiss Merlin Scanning Electron Microscopy (SEM) and using a 189 
JEM-2011/JEOL, High-Resolution Transmission Electron Microscopy (HR-TEM) 190 
equipped with Energy-Dispersive Spectroscopy (EDS). TEM was used for the cross-191 
sectioned analysis of prepared samples as reported in a previous study (Zhang et al. 2016). 192 
Briefly, the pellets were firstly obtained by centrifugating the samples for 10 min at 3000 193 
rpm. Next, cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.0) 194 
at 4 °C overnight, rinsed twice with the phosphate buffer (pH 7.0), then post-fixed with 1% 195 
OsO4 in a 0.1 M phosphate buffer (pH 7.0) at 4 °C for 4 h and again rinsed twice with the 196 
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phosphate buffer (pH 7.0). After fixation, dehydration of sample cells was performed by a 197 
washing series of ethanol (50%, 70% and 90%), a 1:1 mixture of ethanol (90%) and 198 
acetone (90%), followed by washing with acetone (90%) and finally acetone (100%) at 199 
4°C for 15 min at each step. Following, samples were immersed in 1:1 and 1:2 mixtures of 200 
acetone and ethoxyline resin for 1 h and 4 h, respectively, transferred to ethoxyline resin at 201 
room temperature overnight, placed in a baking box and heated at 60°C for 48 h. Then, the 202 
cross sections were obtained by embedding the ultra-thin sections of samples in epoxy 203 
resin after cutting using a 35° diamond knife from Diatomeanda Leica UC7 204 
ultramicrotome. Finally, the cross-sectioning part was stained with uranyl acetate and lead 205 
citrate. 206 
 207 
2.3.3 Microalgae analysis 208 
The microalgae culture was characterized by the concentration of total suspended solids 209 
(TSS) as dry cell weight (DCW), volatile suspended solids (VSS) and soluble chemical 210 
oxygen demand (SCOD), following Standard Methods (APHA, 1999). Microalgae were 211 
identified by optical microscopy examination (Axioskop 40 Zeiss, Germany), using a photo 212 
camera and the Motic Image Plus 2.0 software and conventional taxonomic books (Streble at 213 
al., 1987). The initial cells count was 42620000 Scenedesmus sp./mL, corresponding to a 214 
99.8% of total cells count. Turbidity was determined with a Hanna Microprocessor Turbidity 215 
Meter HI93703 and pH with a Crison Portable 506 pH-meter. Turbidity was used to calculate 216 
the microalgae harvesting efficiency during magnetic separation. 217 
 218 
2.3.4 Zeta potential measurements 219 
The zeta potential of the Scenedesmus sp. (0.63 g/L) and Fe3O4 NPs (0.14 g/L) at pH 7.38 220 
were measured using the Zetasizer Nano-ZS (Malvern UK) and calculated according to 221 
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Henry’s equation at 25°C. Analyses were performed at the Institut Català de Nanociència i 222 
Nanotecnologia (ICN2), Spain. 223 
 224 
2.4 Microalgae harvesting 225 
2.4.1 Screening of magnetite-based nanoparticles for microalgae harvesting 226 
The efficiency of microalgae harvesting was evaluated by testing different types of 227 
magnetite-based NPs: Fe3O4NPs-I, Fe3O4NPs-II, Fe3O4@SiO-NH2, Fe3O4@CTAB and 228 
Fe3O4@PEI NPs, in order to compare the effect  NPs concentration (I and II NPs type), and 229 
the effect of positively coated and non-coated NPs on magnetic microalgae separation. The 230 
harvesting efficiency (%) was calculated based on the measurements of turbidity before 231 
and after the interaction of microalgae with NPs. Initially, microalgae and NPs were mixed 232 
in a weight ratio of 2:1 for 20 min on a shaker at 200 rpm and 25°C (as described in section 233 
2.5.1). Then, magnetic separation was undertaken for another 20 min. Finally, the 234 
supernanant turbidity was measured and the harvesting efficiency calculated. All the tests 235 
were performed in triplicate. The results were used to determine the best NPs for 236 
subsequent process optimization. 237 
 238 
2.4.2 Effect of shaking on microalgae recovery using Fe3O4 NPs-I 239 
The optimization of interactions between NPs and microalgae cells involved studying the 240 
effect of shaking before magnetic separation of microalgae. Two types of shaker,orbital 241 
and roller, were compared, while non-shaking was used as control. Briefly, 0.2 g/L of 242 
Fe3O4 NPs-I were added into three vials containing 10 mL of microalgae suspension, two 243 
of them were then placed in the orbital and roller shakers, respectively, and the third one 244 
was kept without shaking. After 5 min of magnetic separation, the supernatant turbidity 245 
was measured and the removal efficiency calculated. All the experiments were performed 246 
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in triplicate. The effect of shaking was statistically evaluated using the one way analysis of 247 
variance (ANOVA). 248 
 249 
2.4.3 Optimization of the microalgae harvesting efficiency using the response surface 250 
methodology 251 
Optimum conditions for the removal of microalgae by Fe3O4 NPs-I were determined by 252 
means of central composite design (CCD) under response surface methodology (RSM) 253 
using a combination of mathematical and statistical techniques to evaluate the relative 254 
significant factors for the harvesting efficiency. In this study, two three-level full factorial 255 
design (3k), were used. Both of them contained all the possible combinations of factors; 256 
contact time, magnetic separation time and concentration of Fe3O4 NPs-I, and their levels. 257 
The experimental design was set-up based on a central level (0) in the middle point 258 
between the lowest (-1) and the highest levels (+1) expressed as normalized values. 259 
Therefore, twenty nine experiments were performed for the experimental design with three 260 
factors: concentration of Fe3O4 NPs-I (0.02, 0.04 and 0.2 g/L), contact time between 261 
microalgae and NPs (1, 20 and 60 min) and magnetic separation time (1, 5 and 20 min). 262 
The results of the harvesting system were fit to a quadratic model and the quality of the 263 
fitted model was quantitatively assessed by the ANOVA to characterize the interaction 264 
between independent factors and the microalgae harvesting efficiency. The results were 265 
then refined by the Design Expert v6.0 software to fit a quadratic model, with a general 266 
expression as shown in Eq. 1: 267 
 268 =  + ∑ + ∑ + ∑ ∑   (1) 269 
 270 
 12 
Where Y is the response (harvesting efficiency), xi, xj, …., xk are input factors (NPs 271 
concentration, contact time and separation time), β0 is the intercept term, βi (i=1, 2, …, k) is 272 
the linear effect, βii (i=1, 2, …, k) is the squared effect, and βij(i=1, 2, …, k, j= 1, 2, …, k) 273 
is the interaction effect.  274 
The validity of the equation to fit the second order model was verified by the correlation 275 
coefficient R2. 276 
 277 
2.4.4 Adsorption isotherms 278 
Adsorption isotherm experiments were carried out in a range of concentrations from 0.1 to 279 
1.25 g/L of Scenedesmus sp. by dilution with water or concentration via centrifugation. 280 
Fe3O4 NPs-I were used at the optimal dose previously obtained and pH 7.38 (pH of 281 
wastewater). Different isotherm models, Langmuir, Freundlich, and Dubinin–282 
Radushkevich were used for fitting experimental data. They can be expressed in a 283 
nonlinear form as shown in eqs. 2-6. 284 
 285 
Langmuir isotherm:    =  ( )              (2) 286 
Freundlich isotherm:    = 1   (3) 287 
Dubinin–Radushkevich isotherm:  =  ( ) (4) 288 
 289                                                                                 = [1 + 1 ]  (5) 290 
                                                                                =     (6) 291 
 292 
Where Qe (gDCW/gNPs) and Ce (g/L) are the adsorption capacity and the concentration under 293 
equilibrium, respectively, Qm (gDCW/gNPs) is the maximum adsorption capacity and KL (L/g) 294 
 13 
is the Langmuir constant. KF and 1/n are the Freundlich constants related to the adsorption 295 
capacity and intensity, respectively. KDR (mol2/kJ2) is Dubinin-Radushkevich isotherm 296 
constant, R is the gas constant (8.31 J/molK), T is absolute temperature (K), and E is the 297 
apparent energy of adsorption per molecule of adsorbate (kJ/mol) (Babaeivelni et al., 298 
2013). 299 
 300 
2.4.5 Reusability of magnetite-based nanoparticles 301 
Harvesting costs could be reduced by NPs recovery, which involves firstly the separation 302 
of NPs from microalgae and following the regeneration of Fe3O4 NPs-I. The regeneration 303 
of NPs was accomplished with a slight change of the reported method (Wang et al., 2016). 304 
Typically, the NPs and microalgae cells obtained after magnetic separation were suspended 305 
in 5 mL of NaOH (0.5 M), by shaking at 200 rpm for 10 min. Then, the suspension was 306 
ultrasonicated for 10 min. Following the addition of 2 mL of methanol and 2 mL of 307 
chloroform, the resulting solution was ultrasonicated for another 15 min. Finally, Fe3O4 308 
NPs-I were gathered by using a permanent magnet and washed twice using ultra-pure 309 
water. Then, regenerated NPs were tested five times, by repeating the same process, to 310 
evaluate the harvesting efficiency after each cycle under the same conditions of microalgae 311 
and NPs concentrations. 312 
 313 
2.5 Comparison of the magnetic separation with flocculation and gravity settling 314 
Comparison of magnetic separation with algae flocculation and gravity settling was carried 315 
out in 200 mL beakers with 150 mL of microalgae suspension. Sedimentation and 316 
flocculation assays were performed using the Jar Test procedure under the same conditions 317 
of mixing rate and timing. For the flocculation assay 2.5 mL of aqueous solution 1% (w/v) 318 
of poly(diallyldimethylammonium chloride(DADM)) (Derypol, Barcelona) was used as 319 
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flocculant per 100 mL of algae suspension according to the manufacturer’s instructions. 320 
The optimal contact time found for microalgae harvesting procedure with NPs, 27 min, 321 
was the stirring time for sedimentation an flocculation tests, while the beaker containing 322 
0.14 g NPs (optimal concentration) was shaked for 27 min with the orbital shaker. 323 
Following the 27 minute stirring or shaking, the algal biomass was allowed to gravity settle 324 
in the sedimentation and flocculation tests. Turbidity measurements were then taken at 2, 325 
4, 8 and 12 min. 326 
 327 
2.6 Statystical analysis 328 
The Tukey’s method based on one factor ANOVA at the 5% confidence level was used for 329 
the statistical analysis, which was performed with SPSS 15.0.1 software (SPSS Inc., USA). 330 
Statistically significant differences were reported when the probability of the results (p) 331 
value is less than 0.05 assuming the null hypothesis. 332 
 333 
3. Results and Discussion 334 
3.1. Characterization of magnetite-based nanoparticles 335 
3.1.1.  Iron concentration in synthesized nanoparticles 336 
In this study, 5 different types of coated and non-coated magnetite-based NPs were 337 
synthesized: Fe3O4 NPs-I, Fe3O4 NPs-II, Fe3O4@SiO-NH2, Fe3O4@CTAB and Fe3O4@PEI 338 
NPs. As a result of the increase of iron salts during the synthesis process, the iron content 339 
increased for Fe3O4 NPs-I compared to Fe3O4 NPs-II (Table 1). When comparing the iron 340 
content of the coated NPs, it is noted that 95.64 % of the Fe3O4 NPs were successfully 341 
coated to CTAB, while 91.74 % of Fe3O4 NPs were coated to PEI. This could be attributed 342 
to the high affinity to Fe3O4 NPs of the cationic surfactant as compared to the cationic 343 
polymer. 344 
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3.1.2. TEM-Electron diffraction analysis of synthesized nanoparticles 345 
TEM images and electron diffraction patterns of synthesized NPs are shown in Figure 1. 346 
The average size of NPs, listed in Table 1, agrees with literature results for self-made 347 
Fe3O4 NPs (Fraga-Garcia et al., 2018). The reduction in size compared to commercial  348 
Fe3O4 NPs (50-100 nm) entails an increase of the specific surface which favors NPs-349 
microalgae interaction resulting in a better harvesting efficiency. Reported studies with 350 
Chlorella vulgaris reveal a harvesting efficiency of 90% using commercial Fe3O4 NPs with 351 
concentrations of 10 g/L, hence a minor harvesting efficiency with higher NPs 352 
concentrations than our work (Zhu et al., 2017).  353 
As shown in Figures 1a-g, a decrease of the aggregation and increase of the dispersion of 354 
Fe3O4–based NPs was produced by using both the surfactant and the polymer. Besides, all 355 
Fe3O4–based NPs for the uncoated NPs or the modified ones had the magnetite crystalline 356 
structure, as shown in the electron diffraction patterns (Figures 1h-l), which means that the 357 
modification of the surface did not affect the crystallinity of Fe3O4–based NPs. These 358 
results are in agreement with literature (Yazid et al., 2017).  359 
 360 
3.2 Optimizing microalgae harvesting efficiency  361 
3.2.1 Characterization of microalgae and nanoparticles interaction using TEM and SEM 362 
The interaction between microalgae and NPs was checked by characterizing Scenedesmus 363 
sp. microalgae before and after mixing with NPs using TEM and SEM. The size and 364 
morphology of NPs after contact with Scenedesmus sp. are illustrated in Figures 2 and 3. 365 
The average NPs sizes obtained from TEM images are listed in Table 1. Obviously, the 366 
interaction of microalgae with NPs was shown by the increase in the NPs size. Conversely, 367 
the crystalline structure of Fe3O4–based NPs (Figure 2) was not affected by the interaction 368 
with microalgae cells, which is a crucial aspect in the viability of reusing Fe3O4–based 369 
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NPs. Notice that the crystalline structure of Fe3O4@CTAB could not be observed due to an 370 
insufficient scattering of electrons from these NPs.  371 
The interaction between microalgae and NPs was further confirmed by SEM. As shown in 372 
Figures 3b-f, there was a coverage layer of NPs over the surface of Scenedesmus sp. cells. 373 
 374 
3.2.2 Screening of magnetite-based nanoparticles for the recovery of microalgae 375 
The screening of Fe3O4-based NPs in terms of Scenedesmus sp. harvesting efficiency is 376 
shown in Figure 4. The experimental conditions are mentioned in section 2.4.1. As can be 377 
seen, the highest harvesting efficiency (%) was achieved by Fe3O4@SiO-NH2 (>82%) 378 
followed by Fe3O4@PEI > Fe3O4@CTAB > Fe3O4 (I) > Fe3O4 (II). Indeed, the highest 379 
harvesting efficiencies were obtained with functionalized Fe3O4–based NPs, due to the 380 
positive functional groups, which enhance the interactions between NPs and microalgae 381 
cells (Ge et al, 2015b). However, multi-comparison analyses using the Tukey test only 382 
showed significant differences when comparing Fe3O4 NPs-I versus Fe3O4 NPs-II (p-value 383 
<0.05), while no significant differences were observed when comparing Fe3O4 NPs-I 384 
versus Fe3O4@SiO-NH2, Fe3O4@PEI, and Fe3O4@CTAB NPs. In consequence, as coated 385 
nanoparticles did not show better harvesting efficiency compared to uncoated 386 
nanoparticles, the latter were chosen for the optimization experiments. Fe3O4 NPs-I 387 
nanoparticles were selected due to their lower reagents consumption.  388 
To further illustrate the benefits of adding Fe3O4 NPs-I, Figure 5 shows the magnetic 389 
separation of microalgae with and without NPs, the former clearly reducing the turbidity of 390 
the culture.  391 
 392 
3.2.3 Effect of shaking on microalgae recovery using Fe3O4 NPs-I 393 
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In an attempt to enhance the microalgae harvesting efficiency using Fe3O4 NPs-I, the effect 394 
of shaking during the contact time between NPs and microalgae before magnetic 395 
separation was evaluated. The average values of microalgae harvesting efficiency were 396 
found to be 82, 80.7 and 75.5 % by using an orbital shaker, a roller and no agitation, 397 
respectively, and with experimental conditions mentioned in section 2.4.1. When applying 398 
the Tukey test for all pairwise multiple comparison procedures, the only statistically 399 
significant differences were found by using orbital or roller shakers versus no shaking, 400 
while no statistical difference was found between orbital and roller shakers. Therefore, 401 
agitation itself was the important factor for the improvement of the harvesting efficiency. 402 
Since the orbital shaker showed slightly better biomass recovery results, the following 403 
experiments were performed with this shaking device. 404 
 405 
3.2.4 Central composite design with a response surface method to optimize the harvesting 406 
efficiency using Fe3O4 NPs-I 407 
Optimization and modelling of the microalgae harvesting efficiency were performed by 408 
using the central composite design (CCD) under the response surface methodology (RSM). 409 
The range and level of experimental variables used in this studyare shown in Table 2.  410 
From the experimental design a second order equation (7), was obtained after studying the 411 
three independent factors. The R2 value of this model was 0.87. 412 
 413 
Harvesting efficiency % = 63.45 +1.19(Contact time) +0.63(Separation time) +71.91(NPs 414 
concentration) -0.011(Contact time)(Separationtime) -1.19(Contact 415 
time)(NPs concentration) -0.0114(Contact time)2    (7) 416 
 417 
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The fitness and validity of the model were evaluated by the ANOVA for the combined 418 
experimental design used. According to the statistical model, all the terms were significant 419 
(p<0.05) and the Lack of fit F value (0.44) implies that the Lack of fit was not significant 420 
(p>0.05), hence the quadratic model was valid for the prediction of experimental data. Thus, 421 
all the terms of equation (7) are statistically significant (Subbalaxmi et al., 2016). 422 
The highest linear coefficient value of NPs concentration implies its significant effect on the 423 
microalgae harvesting efficiency, which means that the microalgae harvesting efficiency is 424 
enhanced by increasing the concentration of NPs, which agrees with literature (Seo et al. 425 
2015). In addition, the negative value of the quadratic coefficient indicates the existence of 426 
optimum values for the microalgae harvesting efficiency.  427 
According to this model (equation 7), the maximum harvesting efficiency was obtained by 428 
solving the regression model at 0.14 g/L of Fe3O4 NPs-I, 27 min of contact time between 429 
microalgae and NPs and 8 min of magnetic separation time, leading to a theoretical 430 
microalgae recovery of 95.68 %. 431 
These results are similar to those reported by Hu et al. (2013) using the marine microalgae 432 
Nannochloropsis maritima. They also reached removals of 95%, but  after 4 min of magnetic 433 
separation (8 min in this study) and with a concentration of 0.12 g/L of Fe3O4 NPs (0.14 g/L 434 
in this study). Other studies obtain similar harvesting efficiencies with lower concentrations, 435 
for instance Hu et al. (2014) report a 97% harvesting efficiency with 0.02 g/L for Chlorella 436 
ellipsoidea, but the nanoparticles are coated with PEI, which enhances microalgae-NP 437 
interaction. Also, Wang et al. (2014) report a harvesting efficiency of 95% using 0.025 g/L of 438 
NPs for Botryococcus braunii and 0.12  g/L for Chlorella ellipsoidea, also with Fe3O4 NPs 439 
coated with cationic polyacrylamide (CPAM). This latter difference in NPs concentration to 440 
obtain the same harvesting efficiency for two different microalgae species evidences the 441 
difficulty to compare magnetic harvesting processes. 442 
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Figure 6 shows the response surface (according to equation 7) of microalgae harvesting 443 
efficiency as a function of the Fe3O4-based NPs concentration and the magnetic separation 444 
time, at three different contact times. From the comparison it can be concluded that with low 445 
contact times of 1 min (Figure 6a) the harvesting efficiency increases along with the 446 
magnetic separation time and Fe3O4–based NPs concentration. However, after 20 min of 447 
contact (Figure 6b) the increase of harvesting efficiency along with the magnetic separation 448 
time and Fe3O4–based NPs concentration  is not so remarkable, although better microalgae 449 
recoveries are obtained. Finally, after 60 min of contact (Figure 6c) the magnetic separation 450 
time and Fe3O4-based NPs concentration do not have any significant impact on the harvesting 451 
efficiency.  452 
On one hand, this could be due to the fact that at low contact times, the magnetic separation 453 
time also acts as a contact time between microalgae and NPs. However, as contact time 454 
increases, the improvement in the harvesting efficiency is less dependent on the NPs 455 
concentration and magnetic separation time. This could be attributed to the fact that with high 456 
contact times, even at the lowest NPs concentration, the NPs dispersion is good enough to 457 
allow the interaction between microalgae and NPs still reporting good harvesting efficiency. 458 
This is in agreement with the optimum contact time of 27 min. Therefore, NPs-microalgae 459 
contact time, previous or during the magnetic separation, is a key parameter for improving 460 
the harvesting efficiency. 461 
 462 
3.3 Adsorption isotherms and possible mechanisms of interaction  463 
The equilibrium relationship between the amount of Scenedesmus sp. per gram of Fe3O4–464 
based NPs was determined by the adsorption isotherms in order to evaluate the affinity of 465 
NPs for microalgae. In this study, Langmuir, Freundlich, and Dubinin–Radushkevich 466 
isotherm models were used due to their relative simplicity and reasonable accuracy 467 
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(Nassar, 2010). The Langmuir model assumes that microalgae harvesting occurs on a 468 
homogenous surface by monolayer, while the Freundlich model assumes that it occurs on a 469 
heterogenous surface of the NPs. The Dubinin-Radushkevich isotherm model was used to 470 
estimate the possible mechanism of interaction as physisorption or chemisorption process. 471 
Model fitting of experimental data using Langmuir and Freundlich isotherms are shown in 472 
Figure 7. Estimated parameters for all models were calculated using non-linear regressions, 473 
and their values with the corresponding correlation coefficients (R2) are presented in Table 474 
6. The Langmuir model showed the highest R2 value (0.99) in comparison with the other 475 
ones, suggesting that microalgae harvesting could work as a monolayer coverage on Fe3O4 476 
NPs-I. Thus, the maximum monolayer adsorption capacity (Qm) obtained was 3.49 477 
mg/gFe3O4 NPs-I. Moreover, the high value of KL indicates that Scenedesmus sp. 478 
microalgae cells were bonded strongly by Fe3O4 NPs (Xu et al. 2011). The type of 479 
isotherm was found to be highly favorable due to the low separation factor constant 480 
(RL=0.36), which is in the range between 0 and 1 (Hasanzadeh et al. 2017). In addition, for 481 
the Freundlich isotherm model, Fe3O4 NPs-I enhanced the recovery of Scenedesmus sp. 482 
since the 1/n value was 0.51, which is in the range between 0 and 1 (Chaudhry et al., 483 
2017). 484 
As indicated in Table 3, the calculated parameter of the apparent energy (E) of the 485 
Dubinin–Radushkevich isotherm was 8.73 kJ/mol. Therefore, harvesting of Scenedesmus 486 
sp. microalgae by Fe3O4 NPs-I could be attributed to chemisorption because the magnitude 487 
of E was higher than 8.00 kJ/mol (Chaudhry et al., 2017).  488 
It is well known that the agglomeration phenomena occurs when nanoparticles are 489 
dispersed in liquid media (Figure 1). This problem can be partially corrected using self 490 
synthesized nanoparticles with proper stabilizers. However, agglomeration cannot be 491 
completely avoided and, consequently, some active sites of the adsorbent will not be 492 
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available. Thus, it is clear that the use of any isotherm as an interaction between an ideal 493 
solid surface  and an adsorbate is a simplification. It is also applicable to the harvesting 494 
yields, which would be better if no agglomeration occurred. This must be taken into 495 
account when interpreting these results. 496 
Further investigation of the possible mechanism of interaction between the Fe3O4–based 497 
NPs and microalgae was performed by measuring their zeta potential at pH 7.38 (the pH of 498 
the culture). The zeta potential value of the microalgae suspension was -3.7 mV, while the 499 
value for the Fe3O4 NPs-I was +3.9 mV. Hence, a strong electrostatic attraction was 500 
observed between Scenedesmus sp. and Fe3O4 NPs-I. This possible mechanism of 501 
interaction was in agreement with the findings of Xu et al. (2011), who used Fe3O4 NPs for 502 
harvesting Botryococcus Braunii and Chlorella Ellipsoidea cells. To our knowledge, this 503 
had not been reported for Scenedesmus sp. 504 
 505 
3.4 Regeneration and reusability of Fe3O4 NPs  506 
The feasibility of microalgae harvesting using NPs but also the downstream processing of 507 
harvested biomass to obtain biofuels or bioproducts, call for NPs recovery and 508 
regeneration. In spite of this, such issues have been hardly addressed. According to Wang 509 
et al., (2016), the combination of strong alkaline treatments and ultrasonication detachment 510 
showed the highest detachment potential of magnetite NPs if compared to the  application 511 
of alkaline or ultrasonication methods separatedly. As a result of the application of the 512 
modified method, Fe3O4 NPs-I could successfully be re-used 5 times for harvesting the 513 
microalgae Scenedesmus sp., with only a slight decrease in the harvesting efficiency from 514 
90 to 84.1% (Figure 8). The break-up of Fe3O4 NPs-I from microalgae at high pH values 515 
could be a result of a weaker electrostatic attraction between microalgae and NPs, due to 516 
an increased negative charge of NPs and microalgae cells in a strong alkaline medium (Seo 517 
et al., 2014). Besides, the use of a methanol and chloroform mixture combined with the 518 
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ultrasonic treatment could have enhanced the separation between microalgae cells and NPs 519 
(Lin et al., 2015). In any case, the combination of strong alkaline medium and 520 
ultrasonication treatments used in this study implies the lysis of microalgae. However, this 521 
could have some beneficial effects for some very extended applications of residual 522 
microalgae such as the extraction of lipids from microalgae cells or anaerobic digestion, 523 
which would be useful for the subsequent valorization of the harvested microalgae (e.g. 524 
obtention of biogas or biodiesel) (Choy et al., 2014; Ramos-Suárez et al., 2014). If the 525 
objective is to recover living microalgae, it is evident that this procedure should be 526 
modified. 527 
This study showed how the modified combined method only led to a small decrease in the 528 
harvesting efficiency after 5 cycles (5.9 %), improving the original regeneration method, 529 
which resulted in a decrease of 22.2 % (Wang et al., 2016). This could be attributed to the 530 
use of a lower concentration of NaOH in the detachment process and a longer 531 
ultrasonication time. Therefore, the proposed modified regeneration method, by using a 532 
combination of strong alkaline medium with a lower alkaline concentration and prolonged 533 
sonication time, enhances the potential efficiency of NPs as compared to previously used 534 
methods (Wang et al., 2016; Lin et al., 2015; Prochazkova et al., 2013b). 535 
Moreover, it can be hypothesized that the loss of  nanoparticles after each cycle is not 536 
significant, given the low decrease in the harvesting efficiencies when using the same 537 




3.5 Comparison of magnetic separation with flocculation and sedimentation 541 
The proposed magnetic separation method was finally compared with gravity settling and 542 
flocculation-sedimentation, which are among the most commonly used processes for 543 
microalgae recovery.  544 
Figure 9 shows the harvesting efficiency over time for gravity settling, flocculation-545 
sedimentation and magnetic separation. Gravity settling clearly showed the worst results in 546 
terms of harvesting efficiency (67%). Note that this final efficiency is similar to the 547 
independent term in equation 7, indicating that indeed it could be attributed to sedimentation. 548 
 549 
Conversely, flocculation-sedimentation showed a harvesting efficiency more similar to 550 
magnetic separation (around 90%). However, at short times, flocculation performed better. 551 
Additionally, some authors point out that the presence of other microorganisms can improve 552 
sedimentation as a consequence of bioflocculation phenomenon (Nguyen et al., 2019). As 553 
discussed previously, contact time increases the harvesting efficiency of magnetic separation. 554 
Nevertheless, after only 8 minutes (the optimum separation time according to equation 7), 555 
magnetic separation performed slightly better than flocculation. Taking into account that 556 
nanoparticles can be regenerated while flocculants cannot, magnetic separation appears as a 557 
potential sustainable alternative for microalgae harvesting. 558 
 559 
4 Conclusions 560 
In this study, the harvesting efficiency of the microalgae Scenedesmus sp. was evaluated by 561 
using different Fe3O4-based nanoparticles as adsorbents. Naked, coated and functionalized 562 
Fe3O4-based nanoparticles were used. All the synthesized magnetite-based NPs showed a 563 
high potential efficiency for microalgae harvesting, but the naked nanoparticles (Fe3O4 564 
NPs-I) performed better. Response surface methodology indicated that the optimum 565 
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harvesting conditions were 0.14 g/L of naked Fe3O4 NPs-I, 27 min of contact time and 8 566 
min of magnetic separation time. Monolayer adsorption was found to be the main 567 
mechanism for microalgae recovery due to the high correlation coefficient of the Langmuir 568 
isotherm model, yielding a maximum adsorption capacity, 3.49 gDCW/gNPs for Scenedesmus 569 
sp. using Fe3O4NPs-I. The electrostatic interaction mechanism is proposed to describe the 570 
interaction between microalgae cells and NPs. Reactivation of Fe3O4NPs-I was 571 
successfully achieved using a low concentration of alkali combined with ultrasonication, 572 
which allowed for NPs recycling during at least 5 cycles. Magnetic separation clearly 573 
outperformed gravity sedimentation, and only slightly flocculation, considering that this 574 
latter process was performed according to the manufacturer’s instructions.  575 
Further research should be focused on more general aspects to evaluate this technology in 576 
terms of cost analysis, energy consumption and environmental impact assessment.  577 
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Table 1. Iron content and average size before and after contact with microalgae of 




Average size before 
microalgae contact 
(nm) 
Average size after 
microalgae contact 
(nm) 
Fe3O4 (I) 579.1 ± 11.3 11.15 ± 1.57 14.58 ± 1.38 
Fe3O4 (II) 699.0 ± 4.9 11.73 ± 1.61 13.77 ± 3.05 
Fe3O4@CTAB 668.6 ± 4.6 11.49 ± 1.83 15.08 ± 2.04 
Fe3O4@PEI 641.3 ± 3.0 12.57 ± 1.86 15.52 ± 2.07 
Fe3O4@SiO-NH2 541.7 ± 6.1 13.68 ± 1.77 18.31 ± 3.16 
Table
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Table 2. Experimental design used for microalgae harvesting efficiency (H.E.) using 
Fe3O4 NPs-I. 
 




NPs concentration (g/L) H.E. 
(%) 
1 1 1 0.2 76.43 
2 1 1 0.04 61.91 
3 1 1 0.02 57.02 
4 1 5 0.2 86.12 
5 1 5 0.04 68.23 
6 1 5 0.02 65.34 
7 1 20 0.2 89.29 
8 1 20 0.04 84.00 
9 1 20 0.02 80.40 
10 20 1 0.2 93.24 
11 20 1 0.04 87.75 
12 20 1 0.02 83.14 
13 20 5 0.2 94.37 
14 20 5 0.04 92.06 
15 20 5 0.04 81.80 
16 20 5 0.04 92.48 
17 20 5 0.02 83.43 
18 20 20 0.2 93.64 
19 20 20 0.04 92.39 
20 20 20 0.02 92.91 
21 60 1 0.2 94.82 
22 60 1 0.04 93.83 
23 60 1 0.02 94.26 
24 60 5 0.2 93.26 
25 60 5 0.04 91.87 
26 60 5 0.02 92.27 
27 60 20 0.2 94.52 
28 60 20 0.04 93.48 
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Table 3. Langmuir, Freundlich and Dubinin–Radushkevich isotherm 
parameters for Scenedesmus sp. microalgae adsorption on Fe3O4 NPs-I. 
Langmuir 
Qm(gDCW/gNPs) 3.49 










KDR (mol2/kJ2) 1.66E-8 
R2 0.91 
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